In the healthy adult brain, neurogenesis normally occurs in the subventricular zone (SVZ) and hippocampal dentate gyrus (DG). Cerebral ischemia enhances neurogenesis in neurogenic and non-neurogenic regions of the ischemic brain of adult rodents. The present study demonstrated that post-insult treatment with an HDAC inhibitor, sodium butyrate (SB), stimulated the incorporation of bromo-2′-deoxyuridine (BrdU) in the SVZ, DG, striatum, and frontal cortex in the ischemic brain of rats subjected to permanent cerebral ischemia. SB treatment also increased the number of cells expressing polysialic acid-neural cell adhesion molecule (PSA-NCAM), nestin, GFAP, phospho-CREB, and brain-derived neurotrophic factor (BDNF) in various brain regions after cerebral ischemia. Furthermore, extensive co-localization of BrdU and PSA-NCAM was observed in multiple regions after ischemia, and SB treatment upregulated protein levels of BDNF, phospho-CREB and GFAP. Intraventricular injection of K252a, a TrkB receptor antagonist, markedly reduced SB-induced cell proliferation detected by BrdU and Ki67 in the ipsilateral SVZ, DG and other brain regions, blocked SB-induced nestin expression and CREB activation, and attenuated the long-lasting behavioral benefits of SB. Together, these results suggest that HDAC inhibitor-induced cell proliferation, migration and differentiation require BDNF-TrkB signaling and may contribute to SB's long-term beneficial effects after ischemic injury.
Introduction
Neurogenesis is the process of forming integrated neurons from progenitor cells, which includes cell proliferation, migration, and differentiation in the adult brain (Eriksson et al., 1998; Kornack and Rakic, 2001) . In adult rodents, this process occurs mostly in the subventricular zone (SVZ) of the rostral lateral ventricle, and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) (Gage, 2000; Alvarez-Buylla et al., 2002) . The neural stem cells in the SVZ migrate into the olfactory bulb via the rostral migratory stream, and then differentiate into interneurons; new neurons in the SGZ migrate into the adjacent DG granule cell layer (Pencea et al., 2001a; Gould et al., 1999) . Neurogenesis is regulated by a number of signaling pathways. For example, phospho-cAMP response element-binding protein (p-CREB) is known to play a prominent role in the proliferation, differentiation, and survival of neuronal precursor cells (Nakagawa et al., 2002; Giachino et al., 2005; Kitagawa, 2007) . p-CREB directly regulates the expression of brain-derived neurotrophic factor (BDNF), which also enhances cell survival and differentiation of SVZ progenitor cells in vitro and increases the number of newborn cells in vivo (Barnabé-Heider and Miller, 2003; Sairanen et al., 2005) . Indeed, infusion of BDNF into the rat lateral ventricle up-regulates the number of proliferating cells and the expression of its receptor, TrkB (Pencea et al., 2001b) .
Stroke induces rapid neuronal loss and neurological deficits following ischemic insult. It has been suggested that the replacement of new neurons contributes to the self-repair system of cerebral ischemic injury (Arvidsson et al., 2002; Yamashita et al., 2006) . Previous studies reported that, in rats, stroke increased cell proliferation and neurogenesis in the SVZ and hippocampal DG (Arvidsson et al., 2002; Jin et al., 2001; Parent et al., 2002; Zhang et al., 2004) . However, neurogenesis after cerebral ischemia or targeted apoptosis has also been detected in non-neurogenic regions such as the striatum and cortex (Arvidsson et al., 2002; Gu et al., 2000; Magavi et al., 2000; Senatorov et al., 2004) . Furthermore, ischemia-induced migration of neuroblasts from the SVZ into the injured striatum has also been reported (Yamashita et al., 2006) .
Histone protein modification such as acetylation and deacetylation plays a key role in regulating gene expression during the processes of cell proliferation and differentiation. Inhibitors of histone deacetylases (HDACs)-such as sodium butyrate (SB), valproic acid (VPA), and trichostatin A (TSA)-induce neuronal differentiation in primary rat cortical cultures, presumably by inducing the neurogenic basic helix-loop-helix (bHLH) transcription factor NeuroD (Hsieh et al., 2004) . Moreover, chronic treatment of adult rats with VPA stimulates hippocampal neurogenesis (Hao et al., 2004) . We recently reported that post-insult treatment with HDAC inhibitors robustly reduced infarct volume, cell death, neuroinflammation, and improved neurological performance in rats subjected to middle cerebral artery occlusion (MCAO) Kim et al., 2007) . The present study investigated the possibility that post-insult treatment with SB or TSA might be associated with cell proliferation and up-regulation of neural progenitor cells after stroke-induced brain injury. We also studied whether SB-induced changes in cell proliferation, migration, differentiation, and behavioral benefits require activation of BDNF-TrkB signaling.
Materials and Methods

Permanent middle cerebral artery occlusion (pMCAO)
All experiments were approved by the National Institutes of Health (NIH) Animal Care and Use Committee in accordance with the NRC Guide for the Care and Use of Laboratory Animals. Male Sprague Dawley rats (Charles River Laboratories, Charles River, CA; 250-300 gm) were anesthetized with 3% isoflurane in a 70% to 30% mixture of N 2 O to O 2 and underwent pMCAO as described previously (Kim et al., 2007) . Briefly, the left common carotid artery and external carotid artery were isolated and ligated with a 4-0 suture. A nylon thread was inserted into the left internal carotid artery and advanced to the Circle of Willis. The thread was left in place until the rats were sacrificed. Sham-operated control surgery was performed in an identical manner without perturbation of the carotid artery. Body temperature was maintained at 37.0-37.5°C with a heating pad.
Drug treatment and 5-bromo-2'-deoxyuridine (BrdU) labeling
Rats were treated once daily with subcutaneous injections of either SB (300 mg/kg), TSA (0.2 mg/kg) (both from Sigma, St. Louis, MO) or vehicle, starting immediately after pMCAO, and lasting for the indicated time period. To label dividing cells, rats were intraperitoneally injected with BrdU (Sigma, 50 mg/kg body weight) twice daily, at an eighthour interval, from Day 3 to Day 7 after ischemia, and sacrificed on Day 7. Alternately, rats were injected with BrdU from Day 5 to Day 14 after ischemia, and sacrificed on Day 14. A schematic diagram showing the treatment regimen is shown in Supporting Fig. 1 (Fig. S1 ).
Experimental design and stereotaxic injection
Stereotaxic surgery was performed two hours prior to pMCAO. Rats were anesthetized with 1.5% isoflurane, 50% N 2 O and 30% O 2 inhalation, and then placed in a stereotaxic surgical apparatus (David Kopf Instruments, Tujunga, CA). A Hamilton syringe (Hamilton, Reno, NV) needle was inserted into the left lateral ventricle (coordinates from the bregma: anterior-posterior −0.3 mm, medio-lateral (left) −1.2 mm, and dorsoventral −3.6 mm from the meninges). Five µl of K252a (Sigma), a blocker of the BDNF TrkB receptor, (0.5 mM dissolved in 1% DMSO) was constantly infused into the left lateral ventricle at a rate of 1µl/ min. The dose of K252a was selected based on previous studies (Xu et al., 2007) . Treatment groups consisted of 1) sham-operated (1% DMSO with Sham surgery); 2) vehicle-treated (1% DMSO with pMCAO); 3) SB-treated (1% DMSO + 300 mg/kg SB with pMCAO); 4) K252a + SB-treated (K252a + 300 mg/kg SB with pMCAO); and 5) K252a-treated (K252a with pMCAO). Each group comprised seven to 10 animals per experiment.
Immunohistochemistry
Rats were sacrificed with CO 2 exposure and then transcardially perfused with phosphate buffered saline (PBS, pH 7.4). Brain tissues were quickly immersed in dry ice-precooled isopentane and stored in a −80°C freezer. Coronal brain sections (20 µm) [corresponding, bregma −3.0 to −1.2 mm (SVZ) and bregma −4.52 to −3.14 (DG)] were cut with a cryostat and fixed with 4% paraformaldehyde. To detect newly generated BrdU-positive cells, the sections were incubated for 30 min in 2N HCl to denature the DNA. Thereafter, endogenous peroxidase was blocked by incubation with 0.3% H 2 O 2 for 45 minutes, and nonspecific binding was inhibited by incubating the sections in buffer (10% normal serum, 0.2% Triton X-100 in PBS) for one hour. The brain sections were incubated with primary antibodies at 4°C overnight, and then incubated with secondary antibodies in a humidified chamber for one hour at room temperature. Brain sections were double-labeled with anti-BrdU, and an antibody to detect a cell type specific marker. The primary antibodies used were as follows: anti-rat BrdU (Accurate Chemicals, Westbury, NY), mouse anti-NeuN (Chemicon, Temecula, CA), mouse anti-glial fibrillary acidic protein (GFAP) (Sigma), rabbit anti-BDNF (Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-polysialic acid-neural cell adhesion molecule (PSA-NCAM) (Chemicon), mouse anti-nestin (Abcam, Cambridge, MA), rabbit anti-Ki67 (Chemicon), rabbit anti-phospho-CREB (Upstate Biotechnology, Lake Placid, NY), and anti-rabbit acetylated H3 (Upstate). The secondary antibodies used were anti-rat Alexa Flour 555 (Invitrogen, Eugene, Oregon), anti-mouse FITC-conjugated IgG (Santa Cruz Biotechnology), and anti-rabbit Alexa Flour 488 (Invitrogen). Other secondary antibodies were obtained from Jackson Immunoresearch (West Grove, PA) and were used at 1:200 dilutions. Sections were rinsed three times for 10 minutes with PBS, mounted onto superfrost slides, and coverslipped with Fluorescent Mounting Medium (Vector Laboratories, Inc., Buringame, CA).
Single optical images or z series stacks of 0.5 to 2 µm slice thickness were taken using a Zeiss LSM 510 confocal laser microscope (Carl Zeiss, Oberkochen, Germany). Image analysis was performed in corresponding areas of indicated brain regions for each animal group using LSM 510 Browser imaging software and Adobe Photoshop (Adobe Systems, Mountain View, CA). Fig. S2A is a schematic diagram illustrating the extent of damage caused by pMCAO in the ipsilateral brain hemisphere, the site of K252a intracerebral injection and the areas used for immunohistochemical examinations in the SVZ, anterior SVZ (aSVZ), striatum and frontal cortex, as shown in the boxes. Fig. S2B shows the boxed area of the ipsilateral DG subgranular zone used for immunohistochemical analysis.
Western blotting analysis
For Western blotting analysis of ischemic brain hemispheres, animals were sacrificed and brains were homogenized in ice-cold lysis buffer as previously described (Kim et al., 2007) . Total protein amounts (20 µg/lane) were separated on a 4-12% SDS-polyacrylamide gel (Invitrogen, Carlsbad, CA), transferred to a polyvinylidene difluoride membrane, and then incubated with primary antibodies overnight at 4°C: rabbit anti-BDNF (1:200, Santa Cruz Biotechnology), rabbit anti-phospho-CREB (ser 133) (1:200, Upstate), mouse anti-GFAP (1:10,000, Sigma), and mouse anti-Bcl-2 (1:200, Santa Cruz Biotechnology). After incubation with secondary antibodies conjugated to horseradish peroxidase (1:1,500, Santa Cruz Biotechnology), protein bands were detected by an ECL kit (GE Health Care, Piscataway, NJ) and exposed to hyperfilm (GE Health Care). Densitometric analysis of the blots was performed with the image analysis program UN-SCAN-IT gel version 5.1 (Silk Scientific, Orem, UT).
Behavioral studies
Behavioral tests were performed by investigators who were blinded to the experimental groups, as described previously (Kim et al., 2007) . The tests were conducted seven or 14 days after pMCAO. Before ischemic onset, all rats were able to perform the tests and exhibited no abnormalities. Briefly, for the rotarod test, an accelerating rotarod, 4-40 rpm (San Diego Instruments, Inc., San Diego, CA) was used to assess the motor coordination of rats by measuring their retention time on the rotating rod. Neurological deficit severity scores included three tests where each animal was suspended by the tail, three tests in an open field, pinna reflex, and visual placement test. Each test was scored as 1 for normal and 0 for abnormal, producing a summed severity of injury score graded on a scale of 0 to 8 (maximum deficit score = 0, normal = 8).
Quantitative analysis and statistics
Corresponding brain coronal sections including the SVZ, DG, frontal cortex, and striatum were selected for comparison using a rat atlas (Paxinos and Watson, 1982) . BrdU (+) cell counting was performed by confocal microscopy using a 25× objective lens (field size, 343 × 343 µm). Measurements in the areas of the SVZ, DG, and others were made using three to five sections per animal (each group, n = 3-4 rats). Analysis of BrdU and double-labeled cells in the ipsilateral brain regions were made using confocal z-series stacks obtained using 25× and 40× objectives. All data were expressed as mean ± SEM and analyzed using ANOVA and Student's t-tests. Western blotting (n = 3-4) and behavioral assessment (n = 5-10) results were analyzed by ANOVA with post-hoc test. Differences of p<0.05 were considered statistically significant.
Results
Effects of HDAC inhibitors on cell proliferation in the ischemic brain of pMCAO rats
Cerebral ischemia in rats was induced by pMCAO. Rats then received an injection of BrdU (50 mg/kg, i.p., twice daily), a cell proliferation marker, from Day 3 to Day 7, or from Day 5 to Day 14. The HDAC inhibitors SB (300 mg/kg), TSA (0.2 mg/kg), or their vehicle were injected (s.c.) once daily, starting immediately after ischemia. Animals were sacrificed on Day 7 or Day 14, about eight hours after the last injection. Days 7 and 14 were chosen because enhanced BrdU incorporation into DNA has been reported to occur at these time points in brain regions including the SVZ after cerebral ischemia (Jin et al., 2001; Lee et al., 2006) .
We first investigated whether treatment with SB increased cell proliferation in the SVZ and hippocampal DG, two classic neurogenic brain regions where cerebral ischemia is known to induce neurogenesis (reviewed in Lichtenwalner and Parent, 2006) . As expected, the labels of BrdU immunoreactivity were enhanced in the SVZ and DG of the ipsilateral ischemic brain hemisphere of vehicle-treated rats on Day 7 after pMCAO, compared with the shamoperated control (Fig. 1A & B) . Notably, treatment of pMCAO rats with SB or TSA-both of which are structurally dissimilar HDAC inhibitors-further enhanced BrdU labels in both brain areas. A similar, but less pronounced, increase was observed after SB treatment for 14 days ( Fig. 1C & D) .
In contrast, little BrdU labeling was detected in the contralateral DG of vehicle or SB-treated pMCAO rats (Fig. 1E) . Quantification of the number of BrdU-labeled cells in the ipsilateral SVZ 7 days after pMCAO revealed an increase in vehicle-treated rats and further robustly increased in SB and TSA-treated rats (Fig. 1F) . Moreover, the number of BrdU-positive cells in the ipsilateral DG 14 days after pMCAO was increased about 2.5-fold by vehicle, and 5.5-fold by SB treatment (Fig. 1G) . Double-labeling with BrdU and NeuN, a mature neuronal marker, revealed little overlap in the expression of these two markers at both time points. These results suggest that the newborn cells in the SVZ and DG have not yet differentiated into mature neurons at this time, consistent with previous reports (Liu et al., 1998; Kawai et al., 2004) . The restoration of the loss of NeuN-positive cells in the SVZ of SB-treated rats could be due, at least in part, to the neuroprotective effects of this drug.
To confirm that SVZ neuroblasts were increased after pMCAO, we performed confocal double immunohistochemistry with BrdU and PSA-NCAM. PSA-NCAM is expressed in the cytoplasm of newborn migrating cells in the rodent brain, and plays an important role in cell development and migration of SVZ neural precursors to the olfactory bulb (Bonfanti, 2006) . pMCAO enhanced levels of PSA-NCAM immunostaining in the ipsilateral brain SVZ, and treatment with SB further increased the immunostaining levels after seven days ( Fig. 2A &  B) . Notably, extensive co-localization of PSA-NCAM and BrdU was observed in the SVZ of SB-treated rats. A similar increase and colocalization of PSA-NCAM and BrdU was found in the anterior SVZ (aSVZ) after SB treatment (Fig. 2C) . In contrast, BrdU/PSA-NCAM immunostaining in the contralateral SVZ and aSVZ showed little BrdU/PSA-NCAM expression from SB-treated pMCAO animals, suggesting that BrdU/PSA-NCAM expression may be triggered by ischemic injury ( Fig. 2A and C) . Quantified results of PSA-NCAM-and BrdU/PSA-NCAM-positive cells in the ipsilateral SVZ and aSVZ of sham, vehicle-and SB-treated pMCAO rats are shown in Fig. S3A-D . Quantified results of PSA-NCAM-and BrdU/PSA-NCAM-positive cells in the ipsilateral SVZ and aSVZ region showed that post-insult SB treatment significantly increased the number of PSA-NCAM and BrdU/PSA-NCAM-labeled cells, suggesting that SB treatment stimulates cell proliferation, neurogenesis and migration to the ischemic injury site. The aSVZ is connected to the rostral migrating system through which newborn cells migrate to the olfactory bulb (AlvarezBuylla et al., 2002; Kornack and Rakic, 2001; Iwai et al., 2003) .
We further examined the effects of SB on the expression of nestin, a neural stem cell marker for neural precursors with radial glia-like morphology and putative progenitors with limited self-renewal capacity (Kempermann et al., 2004) . On Day 14 after SB treatment, the immunoreactivity of nestin was increased in the SVZ (Fig. 2D) . Some SB-induced nestin labels co-localized with the BrdU labels ( Fig. 2D-F ).
In addition, levels of BrdU incorporation were examined in other brain areas, notably the striatum and frontal cortex. The striatum has been shown to generate new neurons after stroke or apoptotic insult, and the process could originate either from the SVZ or from progenitors residing in the parenchyma (Arvidsson et al., 2002; Senatorov et al., 2004) . We found that BrdU labels were markedly increased in the ischemic striatum on Day 7 after pMCAO, compared with sham-operated controls, and that this increment was further potentiated by post-insult treatment with SB or TSA (Fig. 3A) . Neither SB nor TSA-induced BrdU labels colocalized with NeuN labels in the striatum, although the severe loss of striatal NeuN-expressing cells was largely prevented by SB or TSA treatment. In addition to increasing NeuN-labeling, SB treatment also increased the overall expression of PSA-NCAM-positive cells in the ischemic striatum; furthermore, a substantial fraction of SBinduced BrdU-positive cells were co-localized with PSA-NCAM (Fig. 3B) . In contrast, little enhancement of BrdU/PSA-NCAM was detected in the contralateral striatum derived from SB-treated pMCAO rats, compared with the sham group (Fig. 3Bd) . Quantified results of PSA-NCAM-and BrdU/PSA-NCAM-positive cells in the ipsilateral striatum are shown in Fig. S3E & F. Interestingly, SB or TSA treatment potentiated ischemia-induced increases in striatal cells expressing GFAP, a glial cell marker, seven days after ischemic insult (Fig.  3C ). Some striatal BrdU-positive cells induced by SB showed co-localization with GFAP after seven or 14 days of treatment ( Fig. 3C & D) . Finally, SB treatment also upregulated nestin-positive cells in the striatum, compared with sham-operated or vehicle-treated controls, and some co-localizations of BrdU and nestin were noted (Fig. 3E) . Quantified results confirmed that SB treatment enhanced the increase in the number of BrdU-positive cells in the ipsilateral striatum 7 days after pMCAO (Fig. 3F) . Quantified results of GFAPand nestin-positive cells in the striatum of sham, vehicle-and drug-treated pMCAO rats are shown in Fig. S4A -C.
Because differentiation of endogenous multipotent precursors into neurons has been reported in the cerebral cortex of rodents after brain injury (Gu et al., 2000; Magavi et al., 2000) , we examined the effects of SB and TSA on cell proliferation and expression of cell markers in the frontal cortex of pMCAO rats. Treatment with SB or TSA for seven days markedly enhanced BrdU incorporation in the frontal cortex, compared with the shamoperated or vehicle-treated control, while restoring the loss of NeuN-positive cells that resulted from cerebral ischemia (Fig. 4A) . SB treatment for 14 days, but not seven days, induced some co-expression of BrdU and NeuN, suggesting the occurrence of neurogenesis (Fig. 4A & B) . Quantification of BrdU-positive cells revealed that SB increased the number by approximately four-fold compared with vehicle-treated control (Fig. 4C) . Treatment with SB or TSA for seven days elicited some increase in nestin-positive cells in the ischemic frontal cortex (Fig. 4D) . BrdU labeling was also found to be adjacent to nestin labeling, and some co-localizations were detected, notably in the TSA-treated group. SB or TSA treatment robustly increased GFAP-expressing cells that showed some co-localization with BrdU on Day 14 (Fig. 4E) . Quantified data of GFAP-, BrdU-, nestin-and BrdU/nestinpositive cells in the frontal cortex are presented in Fig. S4D -G.
Role of HDAC inhibition and BDNF-TrkB signaling in SB-induced cell proliferation
Because SB is an HDAC inhibitor, we assessed whether SB-induced cell proliferation correlates with HDAC inhibition. On Day 14 after pMCAO, immunoreactive levels of acetylated histone-H3 (AH3) were decreased in the DG of vehicle-treated controls, and this loss was prevented by SB treatment (Fig. S5A) . Much of the AH3 immunostaining was localized in cells that expressed the neuronal marker, NeuN (Fig. S5A & B) . Western blotting analysis showed that acetylation levels of histone H3 were robustly decreased in the ipsilateral brain hemisphere, and this reduction was prevented by SB treatment (Fig S5C &  D) , similar to our previous report (Kim et al., 2007) . Because histone hyperacetylation caused by HDAC inhibition may result in chromatin relaxation and changes in gene expression, we used Western blotting to examine protein molecule levels related to cell proliferation and survival in the ischemic brain hemisphere. Levels of both high and low molecular weight forms of BDNF in the ischemic hemisphere were reduced by pMCAO on Day 7; these decrements were blocked by SB treatment (Fig. S6A & B) . Similar effects were observed for p-CREB levels ( Fig. S6A & C) . GFAP protein levels were enhanced by pMCAO and further increased by SB treatment in these ischemic animals ( Fig. S6A & D) . In contrast, little change in Bcl-2 or β-actin levels were noted under the treatment conditions. BDNF is known to be involved in the neurogenesis, migration, maturation, and survival of newborn cells after ischemic insult (Benraiss et al., 2001) . Immunohistochemical images of BDNF showed that BDNF expressing cells were down-regulated in the ipsilateral SVZ, and that trezatment with SB or TSA raised BDNF levels above the sham-operated control (Fig.  5A) . Similar effects for SB were found in the aSVZ and frontal cortex of the ischemic hemisphere ( Fig. 5B & C) . In addition, studies have consistently shown that the neurophysiological effects of BDNF are mediated by activation of its cell-surface receptor TrkB. In order to elucidate the role of BDNF-TrkB signaling in SB-induced cell proliferation, we injected K252a, an antagonist of Trk receptors, notably TrkB, into the left lateral ventricle two hours prior to pMCAO to block TrkB activity. SB-enhanced BDNF immunostaining in both the aSVZ and frontal cortex was markedly reduced by co-treatment with K252a; alone, K252a had little effect (Fig. 5B & C) . Quantification of BDNF-positive cells in the SVZ, aSVZ and frontal cortex in sham, vehicle-and drug-treated pMCAO rats confirmed this notion (Fig. 5D-F) . In the SVZ and DG, SB-induced BrdU labeling on Day 7 was also robustly suppressed by treatment with K252a ( Fig. 6A & B) . Quantification of the number of BrdU-positive cells in the SVZ revealed that SB treatment increased the number by nearly four-fold, compared with the vehicle-treated control, and that most of this increase was suppressed by co-treatment with K252a (Fig. 6C) .
BrdU incorporation could also reflect a DNA repair process, as opposed to cell proliferation. We therefore performed immunohistochemical staining of Ki67, a nuclear protein tightly associated with cell mitosis (Scholzen and Gerdes, 2000) , and found that the expression of Ki67 and BrdU were similarly regulated and co-localized in the ischemic SVZ and striatum of pMCAO rats treated with SB for seven days; in addition, SB-induced Ki67 immunoreactive levels were blocked by pre-treatment with K252a ( Fig. S7A & B) . Colabeling with BrdU and Ki67 in consecutive sections from the ischemic striatum confirmed their co-localization (Fig. S7C) . Furthermore, BrdU and Ki67 labeling were co-upregulated and co-localized in the SVZ, aSVZ, striatum, frontal cortex, and DG after seven days of TSA treatment (Fig. S7D) . TSA treatment elicited little immunostaining of BrdU/Ki67 in the contralateral SVZ and striatum of pMCAO rats (Fig. S7E & F) . Quantified results of BrdU-, Ki67-and BrdU/Ki67-positive cells in the ipsilateral SVZ and striatum of sham, vehicle-and drug-treated pMCAO rats are shown in Fig. S8A-I . The BrdU labels in the SVZ were also co-localized with AH3 in SB-treated pMCAO rats on Day 7, and K252a treatment blocked SB-induced increases in BrdU/AH3 (Fig. S9A) . K252a had similar effects on BrdU/AH3 labels in the SB-treated DG (Fig. S9B) , and double labeling using consecutive sections confirmed their co-localization in this brain region (Fig. S9C) .
Activation of CREB through serine 133 phosphorylation has been shown to be involved in neurogenesis in the DG after cerebral ischemic stroke in rodents (Zhu et al., 2004) . We found that, compared with sham-operated or vehicle-treated pMCAO rats, immunostaining of phospho-CREB Ser133 was enhanced in both the SVZ and DG following treatment with SB on Day 7 (Fig. S10A & B) , and this occurred concurrently with potentiated BrdU labeling. These SB-induced effects were blocked by K252a co-treatment. Moreover, phospho-CREB Ser133 and BrdU showed co-localization, notably in the SVZ and DG (Fig.  S10A-C) . SB-induced nestin immunostaining in the frontal cortex was also suppressed by K252a co-treatment on Day 7 after pMCAO (Fig. S10D) . SB or TSA treatment for 7 days produced only marginal effects in BDNF immunostaining in the contralateral SVZ, or p-CREB immunostaining in the contralateral DG subgranular zone, respectively, compared with sham-operated control (data not shown).
Role of BDNF-TrkB signaling in SB-induced long-term behavioral benefits in pMCAO rats
Previous studies from our laboratory showed that treatment with SB or other HDAC inhibitors improved performance in motor, sensory, and reflex tests conducted relatively soon after ischemic onset (Kim et al., 2007) . The results of the present study indicate that the decrease in retention time on an accelerating rotarod in vehicle-treated pMCAO rats was completely prevented by SB treatment measured two weeks after pMCAO (Fig. 7A) . The severe impairments in motor, sensory, and reflex performance detected on an eight-point behavioral test two weeks after ischemia were also largely reversed in SB-treated pMCAO rats (Fig. 7B) . When SB and K252a were administered together, K252a significantly suppressed the beneficial effects of SB on the rotarod and eight-point tests performed seven days after ischemia (Fig. 7C & D) , despite the fact that K252a alone had minimal behavioral effects. These results suggest that BDNF-TrkB signaling is involved in SB-induced longterm behavioral improvement after cerebral ischemia.
Discussion
This study had several notable results. First, we demonstrated that treatment with the HDAC inhibitors SB or TSA markedly expanded the population of proliferating cells detected by confocal microscopy of BrdU and Ki67-immunostaining in the SVZ and DG-both of which are traditional neurogenic areas-of the ipsilateral ischemic brain hemisphere of rats that underwent pMCAO (Fig. 1 & Fig. S7 ). Second, we found that BrdU and NeuN were not co-localized in either the SVZ or DG on Day 7 and Day 14 after treatment with HDAC inhibitors. These results suggest that the newborn cells had not yet differentiated into mature neurons at these times, consistent with the report that transient MCAO-induced newborn cells do not express mature neuronal markers, such as NeuN and Hu, up to three weeks after injury (Jin et al., 2001 ). Third, we found that pMCAO also enhanced cell proliferation in injured brain areas, including the striatum and frontal cortex (Fig. 3,Fig. 4 & Fig. S7 ), similar to previous reports (Jin et al., 2003 ,Yamashita et al., 2006 ; treatment with SB or TSA markedly enhanced BrdU-staining in both brain regions and largely restored their loss of NeuN-expressing cells resulting from pMCAO. It should be noted that some BrdUpositive cells overlapped with NeuN-expressing cells in the frontal cortex of ischemic rats treated with SB (Fig. 4) . Finally, cells expressing GFAP or nestin, a neuroblast marker, were also increased in the striatum and frontal cortex following injury, and further upregulated by treatment with SB or TSA (Fig. 3 & Fig. 4) . A small number of cells co-expressed of BrdU with GFAP or nestin.
In addition, this study found that ischemia-induced increases in cells expressing PSA-NCAM were robustly further increased by SB treatment in the SVZ, aSVZ, and striatum, and extensive co-localization of PSA-NCAM and BrdU was observed (Fig. 2 & Fig. 3 ). These findings are remarkable for several reasons. PSA-NCAM is a neuroblast marker with multiple functions including migration, differentiation, survival, and plasticity. For example, PSA-NCAM knockout mice have a smaller olfactory bulb and less cell migration from the SVZ (Tomasiewicz et al., 1993; Chazal et al., 2000) , and enzymatic removal of PSA-NCAM from the mouse SVZ causes premature differentiation (Petridis et al., 2004) . Although cell migration has not been studied in this report, our results are in line with the view that SB treatment stimulates the migration of PSA-NCAM-positive neuroblasts from the SVZ to the injured striatum. In light of its multiple neuronal roles, the robust increases seen in PSA-NCAM may have important neurophysiological consequences. Taken together, the results of this study strongly suggest that the HDAC inhibitors SB and TSA stimulate ischemiainduced cell proliferation and neurogenesis in the SVZ, DG, striatum, and frontal cortex.
VPA-an anticonvulsant and mood-stabilizing drug frequently used to treat mood disorders -is another HDAC inhibitor that has been shown to induce hippocampal neurogenesis following treatment of normal rats for six weeks (Hao et al., 2004) . It also stimulates neuronal differentiation of adult hippocampal neuronal progenitors through induction of NeuroD (Hsieh et al., 2004) . However, it is well documented that HDAC inhibitorsincluding SB, VPA, and TSA-are neuroprotective in both in vitro and in vivo experimental settings, including cerebral ischemia in rodents (Endres et al., 2000; Ren et al., 2004; Kim et al., 2007) . Chromatin remodeling via HDAC inhibition has been demonstrated to confer resistance to multiple insults in the central nervous system (reviewed in Langley et al., 2005) . Therefore, it is possible that the effects of HDAC inhibitors observed in this report were in part due to their ability to protect ischemia-induced newborn cells from premature death.
We found that SB treatment was associated with marked upregulation of AH3 in the DG and SVZ (Fig. S5 & Fig. S9 ), compared with the vehicle control. Immunostaining revealed colocalization of AH3 with NeuN and BrdU. These results together with the western data ( Fig.  S5) suggest that HDAC inhibition did occur under our experimental conditions. Previous studies from our laboratory found that HDAC inhibition activates BDNF promoter IV and increases BDNF mRNA levels in dissociated rat cortical neurons (Yasuda et al., 2009 ). Here, we showed that BDNF protein levels were decreased in the ischemic brain, but this reduction was restored to normal levels by treatment with SB ( Fig. 5 & Fig. S6 ). Two protein bands for BDNF were found by immunostaining (Fig. S6) , presumably reflecting the detection of both pro-BDNF and mature BDNF (Matsumoto et al., 2008) ; both bands were augmented by SB, compared with vehicle control. Neuroprotective effects of BDNF in the neonatal brain against hypoxic-ischemic injury are supported by a report noting that intracerebrovascular administration of BDNF decreased infarct size and caspase-3 activation via the BDNF-TrkB signaling pathway (Han and Holtzman, 2000) .
The key role that BDNF plays in neurogenesis has been increasingly recognized. Administration of BDNF into the lateral ventricle of adult rats leads to new neurons in the striatum, septum, thalamus, and hypothalamus (Pencea et al., 2001b) , while BDNF knockout suppresses adult hippocampal neurogenesis . Injection of adenoviral BDNF into the ventricular zone substantially augments both neostriatal and olfactory neuronal recruitment in the adult rat brain (Benraiss et al., 2001) . Moreover, neurogenesis induced by antidepressant treatment is mediated, at least in part, through potentiation of BDNF-TrkB signaling (D'sa and Duman, 2002) . The role of BDNF-TrkB signaling in mediating HDAC inhibitor-induced cell proliferation, migration, and differentiation in the ischemic brain of pMCAO rats is supported by several of our observed findings, namely: (1) intraventricular injection of K252a decreased the number of BrdU or Ki67-positive cells induced by SB treatment in the ipsilateral SVZ, DG, and striatum (Fig. 6, Fig. S7 & Fig. S8) ; (2) K252a injection blocked SB-induced nestin expression in the ipsilateral frontal cortex (Fig. S10D) ; and (3) SB treatment up-regulated p-CREB Ser133 in the ipsilateral SVZ and DG (Fig. S10A-C) . It is interesting to note that p-CREB, an important transcription factor downstream of BDNF-TrkB signaling, has been shown to mediate neurogenesis in the adult DG after focal ischemia (Zhu et al., 2004) . SB-induced upregulation of p-CREB in the SVZ and DG was blocked by treatment with K252a (Fig. S10) . Furthermore, K252a also suppressed SBinduced BDNF upregulation in the aSVZ and frontal cortex (Fig. 5) . Finally, the long-lasting behavioral effects of SB in pMCAO rats were also significantly attenuated by pre-treatment with K252a (Fig. 7) . It has been suggested that the interaction of BDNF and TrkB induces migration of SVZ neuroblasts via activation of PI 3-kinase, MAP-kinase and p-CREB signaling pathways, in addition to promoting differentiation and survival of olfactory bulb interneurons (Chiaramello et al., 2007) . On the other hand, it was recently reported that BDNF does not stimulate SVZ neurogenesis in rodents (Galvão et al., 2008) . The difference between their and our results in SVZ cell proliferation/neurogenesis could arise from the fact that SVZ in the brain of normal rodents was employed in the previous report, while we studied SVZ in the ischemic brain where endogenous BDNF levels were up-regulated by SB treatment.
These results are consistent with the notion that SB-induced cell proliferation, migration, and differentiation in brain areas injured by ischemia may contribute to long-term behavioral improvement. Most notably, because there are no reliable treatments currently available for acute stroke, HDAC inhibitors-especially SB-should be clinically evaluated for their potential use in stroke patients.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Post-insult SB treatment largely prevented ischemia-induced neurological deficits as determined on Day 14 after pMCAO by rotarod (A) and an eight-point behavioral test (B) . Data were analyzed from sham-operated animals (n = 5), vehicle (normal saline)-treated (n = 6), and SB-treated animals (n = 6). Data are mean ± SEM. *p< 0.05, and ***p<0.001 compared with the vehicle group. (C & D) K252a attenuated the beneficial effects of SB as determined by rotarod (C) and eight-point behavioral test (D) on Day 7 after pMCAO. Data were obtained from shamoperated animals (n = 7), vehicle (normal saline)-treated (n = 9), SB-treated (n = 9), K252a + SB-treated (n = 9), and K252a-treated animals (n = 10). Data are mean ± SEM. **p< 0.01, and ***p<0.001, comparison between the indicated groups.
